Abstract-Radioactive narcotic analgesics, including morphine, dihydromorphine, nalorphie, codeine, levorphan, dextrorphan, and I-methorphan were accumulated against an apparent concentration gradient in pieces of rabbit and dog choroid plexus and in slices of dog renal cortex by a metabolically depsndent mechanism. The uptake of dihydromorphine by these tissues in vitro was a saturable process depressed by low temperatures, a nitrogen atmosphere, and certain metabolic inhibitors. It also was competitively inhibited by nalorphme and by any one of several organic bases which previously have been demonstrated to be actively transported by these tissues. Under certain conditions, stimulation of ~hydromo~hine uptake by choroid plexus was produced by organic bases. The transport in choroid plexus of one of these organic bases, hexamethonium, was competitively inhibited by dihydromorphine.
A PREVIOUS report from this laboratory" presented evidence for active secretion of dihydromorphine by the proximal renal tubules of dogs and monkeys. The transport of this morphine-like drug had the usual characteristics described for a variety of organic bases.2 In order to more clearly define the nature of this transport, studies of the uptake of narcotic analgesics by renal tissue slices were performed.
Use of the in u&o-system avoided the complex effects of the analgesics and other organic bases on organ systems other than the kidney.
Recent publications by Tochino and &hanker 39 4 have reported active uptake of organic bases by the choroid plexus in vitro. These authors have postulated that the choroid plexus is a site of carrier-mediated transport for removal of organic amines from cerebrospinal fluid.5 Thus it was of interest to determine whether the narcotic analgesics are also transported by the choroid plexus. Such transport could have signiticant implications in terms of limiting the accumulation of these potent * A summary of the work presented in detai1 here appeared in Fedn Proc. 25, 415 (1966) . This investigation was supported in part by Research Grant MH-08580 from the National Institutes of Health. The investigator is a Postdoctoral Research Scholar of the American Cancer Society.
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compounds within the central nervous system and in understanding mechanisms of antagonism and potentiation of narcotic analgesic effects by a variety of drugs.
NIETHODS
Male and female albino rabbits (New Zealand strain) weighing approximately 2 kg were sacrificed by intravenous injection of air. The choroid plexus was taken from each lateral ventricle and immediately placed in ice-chilled incubation media containing no drug (plain media). Each plexus was divided into two or three pieces of equal size, and the pieces from each animal were kept separate so that tissue from each animal served as its own control.
Each piece of choroid plexus (0.8-3 mg) was placed in 3 ml of Krebs-Ringer phosphates* 4 or bicarbonate-buffered fluids containing a radioactively labeled narcotic analgesic with or without a potential inhibitor. When compounds were added to the medium as sodium salts, the concentration of sodium chloride was reduced accordingly in order to maintain a constant concentration of sodium ion in the final medium. A carbon dioxide-oxygen mixture (5:95) was bubbled through the media when it contained bicarbonate, in order to adjust the final medium to pH 7.4. A rapid flow of the same gas mixture was used to provide the atmosphere for incubation in a Dubnoff metabolic shaker. When phosphate-buffered media (pH 7.4) were used, a rapid flow of 100 *A oxygen or 100% nitrogen was substituted for the carbon dioxide-oxygen mixture. After incubation, the tissue was removed from the medium, blotted on filter paper, wrapped in aluminum foil, and frozen until it was to be weighed and analyzed. Aliquots of the medium were taken immediately for analysis.
A description of the preparation, incubation, and analysis of renal slices from mongrel dogs has been pub1ished.l The choroid plexus was also taken from the lateral ventricles of mongrel dogs anesthetized with ether, and the tissue was handled in the same way as described above for rabbit choroid plexus.
The method for analysis of radioactive dihydromorphine in biological fluids and tissues by means of extraction into organic solvents has been published.1 This method gave complete recoveries of known amounts of dihydromorphine added to choroid plexus and renal tissue. In addition, the method was satisfactory for estimation of the radioactive derivatives of morphine and morphinan noted under Materials (see below). The average recoveries of known amounts of these derivatives added to the tissuemedium mixture ranged from 104 to 108 per cent.
The solvent extraction method was always used for analysis of radioactive analgesics in renal tissues and in the corresponding incubation media. However, a direct counting procedure (see below) was used for most of the experiments with choroid plexus tissue because (I) there was no evidence for metabolic alteration of the morphine and morphinan derivatives when they were incubated for long periods with choroid plexus (see below), (2) the results were identical when concentrations of the analgesics in the same piece of tissue were estimated with both the specific solvent extraction method and the direct counting procedure, and (3) there was no evidence for a significant degree of residual binding of the radioactive drugs to the tissue components settling out of the homogenate in the scintillation counting vial.
In the direct-counting procedure, the piece of choroid plexus was weighed on a Cahn M-IO electrobalance and then homogenized in 0.5 ml plain media. Duplicate O-2-ml aliquots of the homogenate were immediately transferred to scintillation-grade glass vials. Single or duplicate 0*2-ml aliquots of the corresponding incubation medium were placed in similar vials. Ten milliliters of absolute ethanol: toluene phosphor* (3:7, v/v) was added to each vial, and the radioactivity was determined in a liquid scintillation spectrometer (Tri-Carb model 3115). Known quantities of the radioactive drug in the incubation medium (standards) and aliquots of the plain medium (blanks) were analyzed along with each group of unknown samples. Concentrations for the radioactive compounds in tissue (n-moles/g) and in media (n-moles/ml) were calculated from the standards. In any given e~eriment the degree of quenching of phosphorescence as determined by addition of an internal standard or by use of the automatic external standard was constant from sample to sample. Variations in the weight of the tissue sample (0~500-4GIO mg) had a negligible effect on the degree of quenching in the presence of a constant volume of the incubation medium.
Materials. The preparation of tritium-labeled dihydromorphine has been described.7 Levorphan, dextrorphan, and ~-methorphan were tritiated by New England Nuclear Corp. by the Wilzbach procedure and then purified in our 1aboratories.s Descriptions of the synthesis of N-methyl-l%-labeled morphines and 1evorpharP have been published, as has the method for purification of tritium-labeled nalorphine.11 Hexamethonium-methyl-14C dichloride was purchased from New England Nuclear Corp.
Chro~natographic identification of narcotic analgesics in tissue. In the experiments with renal slices, the radioactive drugs in tissue and media were always determined by the solvent extraction procedure. The specificity of this procedure for the unchanged drugs was confirmed by paper chromatographic methods published previously.11 12 DihydromorphineJH was incubated for 15 and for 90 min with several pieces of rabbit choroid plexus. A portion of the tissue from each incubation was homogenized in methanol and another portion was homogenized in water. Aliquots of these homogenates and of the incubation media were applied to chromatographjc paper, and the chromatograms were developed in each of the three solvent systems described previous1y.l Each chromatogram contained a single area of radioactivity corresponding in Rf to authentic dihydromorphine which was applied to each paper as a control. Theoretically, if as little as 3 per cent of the tissue radioactivity had been present in a form other than dihydromorphine-3H, it would have been detected by these methods.
Similarly, use of paper chromatograph~c methods produced no evidence of metabolic alteration of the other radioactive morphine and morphinan derivatives after incubation with either kidney slices or choroid plexus. Hexamethonium was not metabolized by rabbit choroid plexus.3
RESULTS

Uptake of narcotic anaigesics by renal cortical slices from dogs
The accumulation of dihydromorphine (10-s M) by renal cortical tissue slices from dogs proceeded rapidly in an atmosphere of oxygen at 37" and reached a steady-state distribution between tissue and medium in about 1 hr (Fig. 1) . At lower temperatures or in a nitrogen atmosphere, the steady-state tissue ~n~ntration was reduced. The simultaneous uptake of inulin, which distributes only to extracellular space,13 is shown for comparison. Incubation temperature and atmosphere (Oa-oxygenNz-nitrogen) are indicated. The S/M for dihydromorphine after 1Esec incubation was 0.1, and this value was used as an approximation of zero time. Uptake of inulin (16 mg/ml) was determined in oxygen at 37". Each point is a mean of triplicate incubations of tissue slices from a single dog.
Experiments demonstrating inhibition of the tissue accumulation of dihydromorphine by cfassical metabolic inhibitors were described in an earlier publication.1 The addition of 5 or 10 mM acetate to the medium stimulated the uptake of dihydromorphine by slices incubated in oxygen but had no effect on the uptake in nitrogen (Table 1) . When incubated under anaerobic conditions, renal tissue slices accumulated dihydromorphine in proportion to the concentration of the drug in the media. This is shown by an essentially constant shce-medium ratio (S/M) at different molar concentrations of dihydromorp~ne (Fig. 2) . However, in an oxygen atmosphere the S/M ratio declined with increasing concentrations of dihydromorphine in the medium (Fig. 2) . The line connecting the values obtained under oxygen appeared to approach asymptotically the steady-state ratio for anaerobic conditions. Thus the uptake of dihydromorphine under aerobic conditions was in part due to a saturable process. Tissues from one dog were incubated for 2 hr at 25" in an oxygen or nitrogen atmosphere. Each point represents the mean of triplicate incubations.
In the presence of organic bases, including the narcotic analgesic antagonist nalorphine, the uptake of dihydromorphine was significantly reduced ( Table 2) . This inhibition could be reversed by increasing concentrations of dihydromorphine in the medium (Fig. 3) . Tables 2-9 . Four incubations were performed in the absence and four in the presence of each inhibitor for each animal, and the values are means for two to four animals. A paired comparison was used in calculating P values.
Probenecid also reduced the renal cortex accumulation of dihydromorphine (Table 3) . Probenecid has been used as the classic inhibitor of organic acid secretion by the kidney.14 In those morphine-like compounds with an ionizable phenolic group (e.g. dihydromorphine, levorphan), transport by the acid secreting mechanism is a possibility. If so, blockade of the phenolic hydroxyl by alkylation (e.g. ~-methorphan) should preclude transport of the molecule by the acid-secreting mechanism and render the uptake insensitive to inhibition by probenecid, if the latter compound is a specific inhibitor of the acid-secreting mechanism. In fact, i-methorphan was avidly accumulated by renal cortical slices (Table 4) , and probenecid inhibited the uptake of Imethorphan and levorphan to the same degree ( t Multiple incubations were performed for each animal and the mean for one or more animals is shown here. All incubations were for 2 hr at 37" in media containing 10m5 M concentrations of the narcotic analgesics.
Several derivatives of morphine and morphinan were accumulated in renal slices by a metabolic-dependent process (Table 4 ). The uptake of these derivatives in a nitrogen atmosphere parelleled their relative lipid solubility, which is indicated by the distribution ratios of these derivatives between ethylene dichloride and O-2 M aqueous phosphate buffer (Mellett, personal communication) . The active component of tissue accumulation (indicated by the difference of the accumulation in oxygen and nitrogen) was not directly related to the lipid solubilities of these derivatives. An element of stereospecificity in the active component is suggested by the differing steady-state ratios for the levo-and dextro-isomers of the morphinan series. Further study is needed to establish the importance of stereospecificity in renal transport of the analgesics.
Uptake of narcotic analgesics by choroid plexus tissue from rabbits
Accumulation of dihydromorphine (10-s M) by rabbit choroid plexus incubated at 37" was rapid initially and produced a tissue-medium ratio (T/M) of 6.6 & 1.4 (S.E.M., n = 4) in 30 min (Fig. 4) . Beyond 30-min of incubation the distribution of the drug between tissue and medium remained nearly constant. For the remainder of the experiments to be described, uptake of dihydromorphine after 15 or 30 min of incubation was considered to be representative of the initial rate. Incubation periods of 60 or 90 min were used to measure the steady-state distribution of dihydromorphine between choroid plexus and medium.
At 0" incubation temperature, the tissue accumulation of dihydromorphine was both slow and limited (Fig. 4) . After 90-min incubation the T/M ratio was 0.87 f 0.08 (S.E.M., n = 4), a value approximating that expected for a compound distributing to total tissue water by simple diffusion.
Several metabolic inhibitors significantly depressed the steady-state accumulation of dihydromorphine at 25" (Table 5 ). The same degrees of inhibition seen at 25" were evident at 37" for I mM iodoacetate and for a nitrogen atmosphere. Combining 1 mM iodoacetate with a nitrogen atmosphere did not result in a greater degree of inhibition. Ouabain (10-s M) reduced the initial rate of uptake of dihydromorphine to 73 + 10 (S.E.M., n = 4) per cent of control but had no effect on the steady-state accumulation of the analgesic (106 f 6 S.E.M., n = 8).
Varying the pH of the medium over the range 6.8-8.0 produced no consistent effect on the uptake under aerobic conditions.
Under an atmosphere of nitrogen, increments of pH resulted in slight increases of dihydromorphine concentration in choroid plexus tissue in equilibrium with the media (Table 6 ). Unless indicated specifically, all experiments were performed with media adjusted to pH 7.4. The initial rate of uptake of dihydromorphine by choroid plexus in terms of nanomoles per gram of wet weighed tissue demonstrated the characteristics of a saturable process (Fig. 5) . That is, the accumulation was not directly proportional to the concentration of dihydromorphine in the medium and tended to approach a maximum. At 10 PM the T/M ratio averaged 5.8, while at 200 PM the average ratio was 3.0.
Routinely throughout this investigation, 3 ml of medium containing 10 PM (3.05 pg/ml) dihydromorphine was used for incubation of each piece of choroid plexus. This amount of dihydromorphine represented an excess such that the final concemration of the analgesic in the medium never differed from the initial concentration by more than 2 per cent. Organic bases can modify the uptake of dihydromorphine by the choroid plexus. Dependent on the circumstances, there may be depression or there may be stimulation. The following summarizes observations made for the initial rate of uptake and for the steady-state accumulation of dihydromorphine by rabbit choroid plexus in vitro. Depression of the initial rate of uptake of dihydromorphine was observed with decamethonium, hexamethonium, and mepiperphenidol. In each case the inhibition appeared to be a competitive one (for example, see Fig. 6 ).* Depression of the steady-state concentration of dihydromorphine was produced by a variety of organic bases, including the narcotic analgesic antagonist nalorphine (Table 7 and Fig. 7) .
Stimulation of the initial rate of uptake of dihydromorphine was marked when the tissue was preincubated with hexamethonium. Pieces of choroid plexus tissue from eighteen animals were preincubated for 1 hr with 10-s M hexamethonium chloride (non-radioactive).
They were then transferred to fresh media containing no hexamethonium but containing 10-5 M dihydromorphine-aH and were incubated for 15 min. Other pieces of choroid plexus from the same animals were preincubated in media * The effect of other organic bases on the initial rate has not yet been studied. Lineweaver-Burk plots of the inhibitory effects of decamethonium (lo-3 M) and mepiperphenidol(10~3 M) were almost identical with that shown for hexamethonium (Fig. 6 ).
without hexamethonium (control tissue). The uptake of dihydromorphine after preincubation with hexamethonium was I42 & 11 (S.E.M.) per cent compared to the uptake by control tissue (P < 0.01).
Stimulation of the steady-state accumulation of dihydromorphine by choroid plexus was observed on several occasions in the presence of organic bases such as
FIG. 6. Uptake of dihydromorphine by choroid plexus in the presence and absence of hexamethon~um. Incubation lasted 30 min at 37" in an atmosphere of oxygen. The choroid plexus tissue from each animal was divided into a total of six pieces and one piece was incubated at each concentration with or without the inhibitor. Each point represents the mean of four animals (all tissues incubated simultaneously). Lines were fitted to the points by the method of least squares. A paired comparison with each animal serving as its own control was used to calculate P values. choline, hexamethonium, and nalorphine. This observation at the steady state was not a consistent one, but it was made more frequently with lower concentrations of these inhibitors (e.g. see choline, Table 7 ) and after prolonged incubation periods. It is noteworthy that the degree of inhibition of dihydromorphine accumulation by hexamethonium tended to decrease as the incubation periods were prolonged (Table 8) . With shorter incubation periods, significant depression of the accumulation was produced by hexamethonium when it was used in a molar concentration 100 times greater than that of dihydromo~phine in the medium.* Additional evidence for the competitive interaction of organic bases and dihydromorphine in choroid plexus was obtained by demonstrating competitive inhibition of the uptake of hexamethonium-methyl~l4C chloride by dihydromorphine (Fig. 8) . The mutual competitive inhibition of the uptake of hexam~thon~um and other organic amines has been demonstrated previously for choroid plexus.39 4p 1s * Hexamethonium was reported to have no elect on the uptake of morphine by choroid plexus tissue.15 However, the authors measured the effect at only one time (I-hr incubation) and with a maximum molar concentration ratio of 4 to 1, hexamethonium to morphine, in the medium (Takemori, personal communication).
Probenecid at 10-s M tended to reduce the steady-state concentration of dihydromorphine in choroid plexus to 73 per cent of control (f 13 S.E.M., n = 3) but had no effect at 10-s M. p-Aminohippuric acid at 10-s M significantly reduced the steady-state accumulation of dihydromorphine to 79 per cent of control (I5 S.E.M., n == 12, P < O*Ol) but had no effect at 10-s M (107 & 6, n = 7).
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OF I mM DIHYDROMORPHINE IO - A variety of morphine and morphinan derivatives was accumulated by rabbit choroid plexus ilz vitro ( Table 9 ). The list includes morphine and the narcotic analgesic Tn al! cases the T/M ratios were significantly less in the presence of iodoacetate. The initial rates of uptake of the stereoisomers, Ievorphan and dextrorphan, were compared at several ~on~ntrations, and in each case the rate for dextrorphan was greater than that for levorphan. A reciprocal plot of the data (Fig. 9) indicates that levorphan could be accumulated at the same rate as dextrorphan provided its concentration in the medium was sufficiently high. In other words, by analogy to MichaelisMenten formulation, the uptake mechanism has the same V,, for either compound, but the Km values differ. The accumulation of these stereoisomers at 0" did not differ markedly; the T/M ratios f S.E.M. (n = 6) were 4.1 & O-3 and 4.8 AI 0.2 for levorphan and dextrorphan respectively. Fit. 9. Relation between concentration of morphinan stereoisomers in medium and in choroid plexus after 1.5-min incubation at 37" in an oxygen atmosphere. The choroid plexus from each animal was divided into a total of six pieces and one piece was incubated with each concentration of Ievorphan and with each concentration of dextrorphan. Each point represents the mean of four animals (all tissues incubated simultaneously). Lines were fitted to the points by the method of least squares.
Uptake of dihydromorphine by choroid plexus tissue from dogs
Preliminary experiments demonstrated a metabolically dependent accumulation of dihydromorphine by choroid plexus tissue taken from the lateral ventricles of dogs (Table IO) . 
DISCUSSION
The characteristics of the uptake of d~hydromorphine by renal slices and choroid plexus tissue in z'itro were those of an active transport process, namely, transfer against an apparent concentration gradient, saturability, substrate competition, stereospecificity, and dependence on aerobic metabolism. The similarity of the uptake processes in the kidney and choroid plexus was striking for the narcotic analgesics. Morphologic and functional similarities between the choroid plexus and the renal tubule have been noted by others.l'-19 Dihydromorphine (and presumably other morphine and morphinan derivatives) appeared to share the same uptake mechanisms described for other organic bases actively accumulated in renal cortical slices2 and in choroid plexus tissue in rho.33 4 The same conclusion has been made for the renal tubular secretion of dihydromorphine in the intact anima1.l These conclusions are based on mutual competitive inhibition of transport of the narcotic analgesic by organic bases, and vice versa. In addition, the stimulatory effect of organic bases on the accumulation of dihydromorphine by choroid plexus may be another manifestation of the common utilization of the uptake mechanism by the narcotic analgesics and organic bases. Stimulation could occur by way of "counter-transport" or "flow driven by counterflow."sOssl That is, outflow 01 hexamethonium may produce increased inflow of dihydromorphine. In the present study, nalorphine behaved as another organic base rather than a specific inhibitor of narcotic analgesic transport, It was itself actively accumulated by both choroid plexus and renal tissue, and it competitively inhibited the uptake of dihydromorphine by both tissues. In rko, nalorphine has been observed to have slight effects on plasma levels and renal tubular secretion of dihydromorphine.
1, 22 Small changes in the concentrations of morphine in the brain and cerebrospinal fluid have been reported for dogs given both morphine and nalorphine.23, 24 On the other hand, morphine appeared to modify the brain concentrations of nalorphine when both were administered to rats.25 Whatever the significance of these observations, a mechanism for the reported alterations may involve the interaction of morphine-like drugs and nalorphine with a common transport site.
Potentiating and inhibiting effects of various cholinergic and adrenergic compounds on the central nervous system actions of narcotic analgesics have been reported by numerous authors (see reviews 2% 27) . In the present study, choline depressed the uptake of dihydromorphine by the choroid plexus. Choline is transported by the rabbit choroid plexus28 and is able to inhibit the uptake of hexamethonium.ls Presumably norepinephrine and serotonin would also inhibit transport of dihydromorphine, and vice versa, since they too are transported by the choroid plexus and are competitive inhibitors of hexamethonium accumulation. 4 Carbachol has been reported to increase the concentration of meperidine (a synthetic narcotic analgesic) in the brain of the intact animal.29 Conversely, morphine depressed the uptake of carbachol and of decamethonium by brain slices. 30 These varied observations seem to point to biological transport sites as loci for interaction of diverse molecules with the narcotic analgesics.
It has been postulated that active transport mechanisms are major factors in bloodbrain and bloodcerebrospinal fluid barrier phenomena.sl-s3 Carrier-mediated transport of organic bases5 and of organic acids33 out of cerebrospinal fluid has been demonstrated.
The choroid plexus has been suggested as one site for transport of such compounds from cerebrospinal fluid to blood.3, 4, s3 Thus, it may be that transport mechanisms are involved in limiting the access of narcotic analgesics to, and in facilitating their elimination from, the central nervous system. Relative to other body tissues and fluids, very Iow levels of morphine and related compounds are found in brain and cerebrospinal fluid after systemic administration of analgesic doses.111 2% 2% 3% 3s
